SUMMARY. Stable small-colony variants of Proteus species were isolated and characterised. They differed from typical organisms in their morphology, biochemical properties and drug resistance. They were found most frequently in culture media of low osmolarity. Their growth rate was depressed at high concentrations of salts, which had only a small effect on typical organisms. This may be important in the routine isolation of Proteus spp. and in testing of disinfectants.
INTRODUCTION
Colonial variation associated with changes in somatic antigens was first observed in Proteus species by Felix (1 922) and analysed by Belyavin (1 95 1) who distinguished three colonial forms on MacConkey agar. Typical freshly isolated organisms (phase A) gave rise to either phase-B or phase-C variants, and these changes were reversible. Phase-C variants were highly motile filamentous forms, which were antigenically indistinguishable from phase A. Phase-B variants, however, had largely lost their type-specific surface antigens, and their virulence for mice was significantly less than that of phase A.
Small-colony variants, which are sensitive to high concentrations of salts, tend to emerge when Proteus species are grown in simple salts media (Al-Dujaili, Klemperer and Brown, 1977) . This paper describes their properties in detail.
MATERIALS AND METHODS
Bacterial strains. The strains used were Proteus mirabilis NCTC nos. 60, 5887, 7827 and 8309, National Collection of Industrial Bacteria (NCIB) no. 2 100, and a polymyxin-sensitive clinical isolate from Dr T. D. M. Martin, Royal Berkshire Hospital, Reading, which we designated strain RBH; Proteus vulgaris NCIB nos. 8259 and 8261; and Proteus morgani NCIB no. 10466. Cultures were stored on Nutrient Agar (Oxoid) slopes at 4°C and subcultured monthly.
Culture media. The commercial culture media used were: Nutrient Broth (Oxoid CM1) (NUB); Peptone Water (Oxoid L37) (PW); Nutrient Agar (Oxoid CM3) (ONA); and Nutrient RUTH M . M . KLEMPERER ET AL.
Agar (Gibco Dri-Form) (GNA). For media to prevent swarming, Lab M Agar MC2 (London Analytical and Bacteriological Media Ltd, 50 Mark Lane, London EC3R 7QT) was added to ONA or GNA to give a final concentration of agar of 3.8% (ONAA and GNAA respectively). Other media used were Bacto Cysteine-Lactose-Electrolyte-Deficient agar (Difco) (CLED), MacConkey Agar No. 2 (Oxoid), and Diagnostic Sensitivity Test Agar (Oxoid) (DST).
Chemically defined media (CDM) A and B were prepared with the composition shown in table I. All chemicals were Analar grade from BDH Chemicals Ltd, Fancy Road, Poole, Dorset BH12 4" .
Glucose and nicotinic acid were filtered and the others were autoclaved. Modifications of the composition of CDM are noted in the tables.
Media for biochemical tests were from Oxoid Ltd, except Urea Agar (Gibco Diagnostics) and Sulphide-Indole-Motility Medium (Difco) (SIM). Multodisks (Oxoid) were used for testing sensitivity to antibiotics. Polymyxin was kindly donated by Dr J. Gurney, Wellcome Research Laboratories, Beckenham, Kent, cetrimide was from BDH Chemicals Ltd, chlorhexidine gluconate (Hibitane) from ICI Ltd, Macclesfield, Cheshire and phenol from Fisons Ltd, Loughborough, Leics.
Selection of organisms forming typical large colonies ( L c ) was by terminal dilution in NUB (Meynell and Meynell, 1970) and the overnight cultures were stored at -196°C. Lc of P . mirabilis strain RBH were also selected by subculturing polymyxin-sensitive colonies from ONAA plates, as demonstrated by replica plating on to ONAA containing polymyxin (250 u ml-') (Meynell and Meynell, 1970) .
Isolation of variants forming small colonies ( S c ) .
Cultures were grown overnight in CDM B at 37"C, plated on ONAA and incubated for 24-48 h. Small colonies were inoculated on to ONA slopes which were incubated for 48 h and stored at 4°C.
Biochemical characteristics. Tests had to be chosen to permit adequate growth of Sc. Except for phenylalanine deamination (method of Snell and Davey, 1971 ) and H2S formation, assessed from the appearance of SIM medium, the methods of Cowan (1974) were used. When alternative methods are described the following were used: oxidase, catalase and VP, method no. I; citrate and gelatin, method no. 2; indole, method no. 3; and urease, methods nos. 1 and 5. Phenylalanine deamination by strain RBH was also tested by method no. 2, but Sc of other strains would not grow on this medium.
Growth studies. Inocula were prepared in CDM A containing 0. 1111 KCl for Lc and 5 x 1 0 -5~ KCI for Sc. All batch cultures were in 25-ml volumes in 100-ml conical flasks and were shaken at 3 7 T . Growth was monitored by absorbance readings at 420 nm. The number of colony-forming units was determined with samples serially diluted in NUB, surface spread on ONAA or GNAA (five replicates) and incubated for 36 h. Results for Sc probably underestimated the actual number of viable cells by at least 50% because of chain formation.
For testing sensitivity to antibiotics, overnight cultures in NUB were diluted 100-fold (Lc), 50-fold (Sc, to give the same absorbance as Lc) and plated on GNA or DST. Plates were flooded with culture and excess fluid was removed. Multodisks were applied and the cultures were incubated at 37°C for 18 h. Tests were done in duplicate and repeated at least once. Inhibition of growth was recorded if a zone of no growth clearly extended more than Drug sensitivity. 2 mm from the edge of the disc (manufacturer's recommendation). For determination of sensitivity to membrane-active agents, a cell suspension in the stationary phase (absorbance at A420, 0.2) was prepared by washing log-phase cells twice in CDM A, resuspending them in glucose-free CDM A and incubating them for 30 min at 37°C. The number of colony-forming units in the culture was estimated, the drug was added, and the culture incubated at 37°C. Samples were taken at intervals and the drug action was stopped by tenfold dilution in NUB in the experiments with phenol (Russell, Ahonkhai and Rogers, 1979) , in lecithin-glycerol broth for polymyxin, or in lecithin-tween broth for cetrimide and for chlorhexidine (Kohn, Gershenfeld and Barr, 1963) . Survival was calculated from the number of colony-forming units after drug treatment, expressed as a percentage of the initial count.
RESULTS

Occurrence of Sc variants
Sc variants were occasionally isolated from Proteus rnirabilis strains RBH and NCTC5887 during several years in investigations on sensitivity to disinfectants. To find out whether this was a general phenomenon, more strains were tested, and Sc were isolated from all, except P. vulgaris strain NCIB8259. This last strain was cultured only a few times. As a further check, a second sample of each NCTC and NCIB strain of P. rnirabilis and P. rnorgani was obtained from the culture collections and Sc were again isolated.
Colonial characteristics and bacterial morphology
All the strains of Proteus, except NCIB10466, swarmed on nutrient agar (ONA or GNA). When swarming was prevented by excess agar (ONAA or GNAA), they formed typical Lc, diameter 2-3 mm, which were low, irregular in outline, matt and translucent. Sc variants were easily distinguished after 48 h on ONAA ( fig. 1 ). The colonies were usually 0.5 mm or less in diameter, circular, entire, domed, smooth and opaque. On ONA their appearance was similar after 24 h at 37°C.
When 3-h or 24-h cultures in NUB, PW or any CDM were examined by phase-contrast microscopy, Lc and Sc appeared as short rods. However, Sc were often arranged in pairs, with some short chains of four or five cells, and occasionally longer chains of up to 50 cells ( fig. 2) . Organisms from all Lc, but not from Sc, were motile in SIM medium, or in hanging drops from cultures in NUB or CDM at 37°C. Sc from P. mirabilis strains RBH, NCTC5887 and NCTC8309 were investigated further in a variety of conditions. In PW or NUB containing 0 . 0 2~ glucose NCTC5887 Sc and NCTC8309 Sc were motile, but RBH Sc were not.
Stability of variant forms
Typical Lc were not stable and gave rise to varying numbers of Sc, the frequency of the detection of Sc apparently being determined by the relative ability of Lc and Sc to grow in the various culture media. Lc clones of P. mirabilis strains RBH and NCTC5887, selected by terminal dilution, gave rise to Sc on subculture in appropriate media. Lc cultures of strain RBH, derived from single Lc colonies shown by replica plating to be sensitive to polymyxin (250 u ml-I), also yielded Sc on serial subculture.
In contrast, Sc cultures were always stable. On no occasion was a Lc isolated from a Sc culture. P. mirabilis strains RBH (Sc) and NCTC5887 (Sc) were subcultured serially 20 times on moist plates of GNA and ONA which would have permitted any Lc to swarm out from a colony, but Lc were not found. The same result was obtained with MacConkey agar.
The efect of NaCl and KCl on the occurrence of Sc variants
Sc were first identified on ONAA, which contains 0.5% added NaCl (manufacturer's formula). On GNAA and CLED, which do not have added * 0.57; added NaC1, manufacturer's formula.
NaCl, Sc colonies were larger than on ONAA and more difficult to distinguish from Lc.
Sc were rarely detected by direct plating from NUB; cultures in CDM containing 1 0 -I~ ammonium phosphate but all other salts in very low concentrations ( I 0 -4~ or less), yielded variable numbers. When the concentration of KCl or NaCl was increased to a level comparable with that of NaCl in NUB, the number of Sc detected was greatly reduced. Table I1 shows the results of a typical experiment.
The proportion of Sc at high concentrations of salts varied in different experiments (compare tables I1 and HI), but the general pattern of inhibition at high concentrations was maintained. Similar results were obtained with all strains yielding Sc, except P. vulgaris strain NCIB8261, which was not tested in this way. Serial subculture in CDM of P. mirabilis strains NCTC5887 and RBH (table 111) suggested that even when Sc were not detectable at high salt concentrations they might still be able to survive and subsequently to become predominant at low salt concentrations. In such experiments, however, it is not possible to exclude the possibility that Sc are newly formed. The failure of Sc to appear at high salt concentrations appears to be due to an effect on the rate of growth. High concentrations of KCl have a greater adverse effect on Sc than on Lc (table IV) . This may partly be due to a lower requirement for KCl by Sc. At limiting concentrations, Sc formed suspensions about twice as dense as Lc ( fig. 3) .
Because Sc were inhibited by high concentrations of either NaCl or KCl, it seemed possible that the inhibition was osmotic. Table V shows that 0 . 6 6~ sucrose, which has the same osmotic pressure as 0 . 4~ NaC1, markedly inhibited the growth of P. mirabilis strain RBH Sc. 
Biochemical characters
Lc and Sc variants of strains RBH, NCTC5887 and NCTC8309 were tested for biochemical activity. The results of tests in which differences between Lc and Sc variants were observed are given in table VI. The following tests gave the same results for Lc and Sc variants: deamination of phenylalanine; production of urease (by method 5 because Sc gave poor growth and a delayed positive reaction by method 1); activity against lactose, maltose, mannitol and sucrose; VP; production of indole; utilisation of citrate; liquefaction of gelatin; and growth on MacConkey agar. Lc and Sc variants of the other strains gave the same results in the tests listed in table VI, except that they were not tested for growth in KCN or production of H2S. In particular it may be noted that Sc failed to ferment glucose, and that there was a shift in the properties of haem compounds, Sc being catalase negative and oxidase positive and, except for strain RBH, Sc being sensitive to KCN. Growth of Sc on GNA was not found when plates were incubated anaerobically.
Resistance to antibacterial agents
Strains that were inhibited by aminoglycoside or p-lactam antibiotics in -------
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S = Zone > 2 mm from disc, R =zone < 2 mm on Nutrient Agar (Gibco). Other abbreviations as in table IV.
* R on Diagnostic Sensitivy Test Agar (Oxoid).
t Distinct zone of inhibition, but resistant colonies inside zone.
All cultures were sensitive to sulphamethoxazole (25 pg disc) and sulphafurazole (500 pg disc).
this test formed Sc with increased resistance. The converse was found with tetracycline: resistant strains formed Sc that were more sensitive (table VII) . In many cases in which the Lc and Sc variants showed a difference in sensitivity to an agent, the sensitive variant displayed a zone of inhibition considerably more than 2 mm from the disc edge, and in some as much as 18 mm. GNA was used to give comparable densities of growth for Lc and Sc. DST, which is recommended for testing of antibiotic sensitivity by the disc method but which permitted denser growth of Lc than of Sc, gave different quantitative results in a few instances but the patterns of resistance remained the same. Strains NCTC5887 and RBH were also tested against membrane-active agents. Sc were more sensitive to phenol, but more resistant to chlorhexidine and polymyxin than the cultures from which they were derived (table VIII) . Sc from strains NCTC nos. 5887 and 7827, NCIB10466, and RBH grew readily when plated on MacConkey agar, indicating that there had been no significant increase in sensitivity to bile salts.
DISCUSSION
There have been several reports of small-colony variants of gram-negative bacteria, which differ from the parent organisms in intrinsic resistance to antibiotics (Pseudornonas aeruginosa, Annear, 1976; various Enterobacteriaceae, Musher, Baughn and Merrell, 1979) and to disinfectants (Ps. aeruginosa, Brown, M.W., 1977) . Some appear to be stable; others revert readily to typical organisms. The Sc variants of Proteus described here appeared to be stable, so the possibility of contamination had to be excluded. They were isolated at intervals during several years by several independent workers, but were not present in cultures of other gram-negative genera studied in the same conditions. A computer identification based on biochemical tests of Sc from three strains confirmed that they were three different organisms, but suggested a resemblance to Pseudomonas picketti. However, comparison with an authentic culture of the latter, the type strain ATCC27511, showed important differences. Ps. picketti was urease negative and phenylalanine-deaminase negative and was never observed to form chains.
Many Sc variants differ biochemically from the parent organisms. Marked differences in synthetic activity have been reported for variants of Escherichia coli (Borderon and Horodniceanu, 1978; Maskell et al., 1978) . Some of these differences involve respiratory pathways (Cox and Gibson, 1966; Wu!ff, 1967) . The proteus Sc reported here are no exception. The biochemical differences noted were mainly associated with fermentative and oxidative pathways, and cells were motile only in the presence of added glucose. The changes in haem enzymes in the Sc variants may be associated with their increased resistance to aminoglycosides. Slow-growing mutants of Ps. aeruginosa with altered terminal electron transport show a marked decrease in the rate of uptake of aminoglycosides (Bryan and Kwan, 1980) and in E. coli streptomycin uptake appears to depend on the functioning of the electron-transport system (Campbell and Kadner, 1980) . A similar relationship between aminoglycoside resistance and energy defects in Sc variants has also been noted in staphylococci (Lacey, 1969) . It is of interest that an increase in resistance to aminoglycoside and to P-lactam antibiotics and, in the case of P. mirabilis strain RBH, to polymyxin, was associated with increased sensitivity to tetracycline. A similar result was obtained by Brown, Fenton and Watkins (1972) with mutants of Ps. aeruginosa selected for resistance to polymyxin by serial subculture.
Sc variants of Proteus closely resemble the phase-B variants of Belyavin (1951) in cellular and colonial morphology and in sensitivity to NaCI. Cultures containing 0.1-0.2~ KCl formed variable numbers of Sc. This is compatible with a random mutation as in a fluctuation test and is presumably determined by the relative effects of salts on growth rate and quantity of growth. Belyavin considered that the variation phase A to phase B represented a partial change from smooth to rough. Stability tests in saline, done as described by Belyavin (1 95 I), showed negligible surface changes in P. mirabilis strains RBH, and NCTC nos. 5887 and 8309 Sc variants. Their resistance to bile salts, however, as shown by their growth on MacConkey agar, distinguished them from the well characterised deep rough mutants of Salmonella typhimurium described by Ames, Spudich and Nikaido (1974) . The changes in sensitivity to antibiotics and disinfectants of Sc variants probably indicate some cell-envelope changes; the latter are known to affect the penetration of various drugs (Brown, Gilbert and Klemperer, 1979) .
The most striking feature of these Sc variants is their sensitivity to high salt concentrations, another property that may arise from cell-envelope changes. More importantly, it may lead to confusing results during the isolation of Proteus spp. To prevent swarming, Naylor (1 960) advocated the use of media without added NaCI. In such conditions, as on CLED agar, many Sc could grow and not be distinguished from Lc. On the other hand, Kopper (1962) advocated 4% (c. 0 . 7~) NaCI, which would suppress the growth of Sc variants. Anderson (I 976) points out the problem of diagnostic media differing from the wild habitat, and the use of firm agar (Hayward, Incledon and Spragg, 1978) seems to be the most reliable in this context. The drug resistance of Sc variants suggests that they may be selected in uiuo, even if their initial virulence is low. Some, however, may be as virulent as the parent strains. Musher et al. (1979) selected Sc variants of Proteus spp. by exposure to gentamicin and found the LD50 for mice to be the same as that of the parent organisms and that urinary-tract infections could be established experimentally. In preliminary experiments to compare rates of phagocytosis by human polymorphonuclear leucocytes, Sc variants of strains NCTC nos. 5887 and 8309 were ingested at the same rate as their parent organisms, but Sc variants of RBH were ingested more rapidly.
Proteus is a common hospital contaminant and is one of the genera suggested by Kelsey and Maurer (1 974) for the testing of disinfectants. The defined medium they recommend is that of Wright and Mundy (1960) , which contains 0435% Na+ and K + salts and is therefore likely to allow Sc variants to grow. If the medium were to be modified, to permit identification of the limiting nutrient@) and therefore more strictly defined inocula (Brown, M. R. W., 1977) , its osmolarity would certainly have to be taken into account.
